The Internal Organization of the Varicella-Zoster Virus Genome (Accepted 28 January 1982) SUMMARY DNA was extracted from varicella-zoster (VZ) virions prepared in sucrose gradients. Thirty-eight molecules examined by electron microscopy were found to have a mean length of 46.7 pro. Examination of self-annealed VZV DNA molecules revealed that the virus genome was composed of a unique linear large sequence with a mol. wt. of 74.4 x 106 to 78.4 x 106, and a unique short sequence of mol. wt. approx. 9.8 x 106 flanked by inverted repeat sequences of 4.7 x 106 mol. wt.
The marked cell-associated nature of varicella-zoster virus (VZV) has limited the studies on the molecular properties of VZV DNA. Extraction of VZV DNA by sonication of infected cells (Ludwig et al., 1972) or by isolation of VZV DNA from the Hirt supernatant fluid (Hirt, 1967; Rapp et al., 1977) has allowed density and mol. wt. determinations to be made, but VZV DNA was either not present in sufficient quantity or was too heterogeneous for accurate length measurements.
To study the size and internal organization of the VZV genome by electron microscopy, VZV was propagated in the BSC-1 line of African green monkey kidney cells. BSC-1 cells were grown with Dulbecco's modified Eagle's medium supplemented with 10% foetal calf serum. The Webb A (RIT) strain of VZV, originally isolated from the vesicle of a patient with chicken pox, has been propagated in our laboratory since 1977 in human fibroblast, brain and ganglion cells (Gilden et al., 1978) . VZV was serially passaged in BSC-1 cells by transferring infected cells into uninfected cultures at a ratio of 1:4. BSC-1 cells (2 × 107) infected with VZV and labelled with 1 /tCi/ml [3H]thymidine were washed twice with cold tris-buffered saline (TBS: 0.01 u-tris-HC1 pH 7-5, 0.15 M-NaC1), scraped into TBS, sonicated and centrifuged at 2000 rev/min for 15 min. The supernatant fluid was centrifuged in a 12 to 52% (w/w) sucrose gradient in TBS at 27000 rev/min for 60 rain in a Beckman SW28 rotor at 4 °C. Thirty-five 1 ml fractions were collected from the bottom of the tube, and the trichloroacetic acid-precipitable radioactivity in 0.02 ml from each fraction was determined. Peak radioactivity was regularly seen in fractions 11 to 15 and virions were regularly observed by negative staining. The virion solution was diluted 1:6 in TEN buffer (0.01 M-tris-HC1 pH 8, 0.001 M-EDTA, 1 M-NaC1) and centrifuged at 30000 rev/min for 1 h in a Beckman SW41 rotor at 4 °C. The supernatant fluid was discarded and the pellet was resuspended in TE buffer (0-1 M-tris-HC1 pH 7-5, 0-001 M-EDTA). DNA was prepared by incubation of virions overnight at room temperature in the presence of SDS (final concn. 0.5 %) and Pronase (final concn. 0.5 mg/ml). The SDS-Pronase-treated material was mixed with an equal volume of phenol and the aqueous phase was removed. Extraction of DNA with phenol was repeated followed by three extractions with 2 vol. of a chloroform :isoamyl alcohol (24:1) solution (Shlomai et al., 1976) . The DNA was ethanol-precipitated and resuspended in TE buffer. Part of the DNA was cleaved with BamHI, and the pattern of digestion products was identical to that seen after BamHI digestion of DNA of other VZV strains (Richards et al., 1979; Straus et al., 1981) . The remainder of the DNA was utilized for ultrastructural observation. The procedures for fixation and spreading of DNA molecules as well as for self-annealing of alkali-denatured DNA have been described previously (Friedmann et al., 1977a, b) . VZV DNA was sedimented in a 5 to 20% (w/w) alkaline sucrose gradient prepared in 0.15 M-NaC1, 0.05 M-tris-HC1 pH 7.4, 0.1 M-NaOH, at 25 000 rev/min for 4 h in a Beckman 50.1 rotor at 10 °C.
The structure of several herpesvirus genomes has been found to consist of two segments each containing largely unique sequences capable of isomerization and bracketed by inverted repeats (Roizman, 1979) . Our electron microscopic analysis supports a model of two unique regions in the VZV genome with inverted repeat sequences bracketing the smaller segment. Initially, 38 D N A molecules isolated from VZ virions in sucrose gradients were examined by electron microscopy and shown to have a mean length of 46.7/an. The average size of 26 D N A molecules measured by electron microscopy following trypsin treatment of VZVinfected cells was 41 to 42/~m (Dumas et al., 1980) . Examination of 55 self-annealed VZV D N A molecules revealed a configuration with a small single-stranded loop at one end followed by a short double-stranded stem and a long single-stranded tail (Fig. 1) . The average loop length was 4.5 /~m and the stem length was 2.4 /tm. The longest single-stranded tails were 38 to 40 #m ( Fig. 2A, part c) .
Of the two main segments in the self-annealed molecule, one is a short single-stranded region with a calculated mol. wt. of 19.6 x 10 6 containing a central unique sequence of approx. 9.8 x 106 (represented by the single-stranded loop) and flanked on either side by repeat sequences of 4.7 x 10 6 (corresponding to the double-stranded stem). The other segment, a long unique region, does not appear to be bracketed by repeat sequences, as the presence of such a sequence implies a terminal loop; although many of the molecules examined were long enough to form this type of structure, none was detected. A diagrammatic representation of VZV DNA based on the electron microscopic observations is shown in Fig. 2 (B, C) . These findings agree with a recent study in which restriction enzyme maps were used to deduce a similar structure of the VZV genome; analysis of the digestion products by molecular hybridization indicated that the 0-5 M fragments contained repeat sequences (one terminally and one inverted internally) (Dumas et al., 1981) . Recent studies of VZV DNA also indicate that the genome contains one inverted segment (Straus et aL, 1981) . Calculation of the mol. wt. from the length in prn in comparison with internal standards of 3.26 x 106 ~X174 DNA (single-stranded marker) and 5.88 x 106 PM2 DNA (double-stranded marker) indicates that the calculated stem size of 4.7 x 10 ~ is in good agreement with a maximum mol. wt. of 5 x 10 6 previously estimated in the study by Dumas et al. (1981) . The latter studies also indicated that the short unique sequence comprising the single-stranded loop had a minimum mol. wt. of 3.5 × 106. Our ultrastructural studies not only confirm this minimal mol. wt. size, but also further indicate that the loop size is often considerably larger and has a mol. wt. of 9 x 10 6 to 10 x 10 6. The VZV DNA configuration of a short segment flanked by two inverted repeats attached to a long segment with no terminal repeats is very similar to the structure of pseudorabies virus (Rubenstein & Kaplan, 1975) . We are confident that these results do not reflect defective particle genomes (Ecker & Hyman, 1981) because the virus was plaque-purified, and after more than 50 passages showed no modification in BamHI digestion patterns. However, whether our Webb strain isolate represents a prototype VZV genome can only be determined by analysis of other strains.
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